A tidal bore is a wave propagating upstream as the tidal flow turns to rising. It forms during spring tide conditions when the flood tide is confined to a narrow funnelled channel. To date, theoretical and numerical studies rely upon physical experiments to validate the developments, but the experimental data are limited mostly to visual observations and sometimes free-surface measurements. Herein turbulent velocity measurements were obtained in a large-size laboratory facility with a fine spatial and temporal resolution. The instantaneous velocity measurements showed rapid flow deceleration at all vertical elevations, and large fluctuations of all velocity components were recorded beneath the bore and secondary waves. A comparison between undular (non-breaking) and breaking bores suggested some basic differences. In an undular bore, large velocity fluctuations were recorded beneath the first wave crest and the secondary waves showing a long-lasting effect after the bore passage. In a breaking bore, some large turbulent stresses were observed next to the shear zone in a region of high velocity gradients, while some transient flow recirculation was recorded next to the bed. The effects of bed roughness were tested further. The boundary friction contributed to some wave attenuation and dispersion, and the free-surface data showed some agreement with the wave dispersion theory for intermediate gravity waves. The instantaneous velocity data showed however a significant effect of the boundary roughness on the velocity field next to the boundary (z/d o < 0.2) for both undular and breaking bores. Overall the findings were consistent with field observations of tidal bores and highlighted the significant impact of undular (nonbreaking) bores on natural systems.
INTRODUCTION
A tidal bore is a wave propagating upstream as the tidal flow turns to rising (Darwin 1897 , Barré de Saint Venant 1871 , Rayleigh 1908 , Tricker 1965 . It forms during spring tide conditions when the flood tide is confined to a narrow funnelled channel, and the leading edge of the tidal wave becomes a water depth discontinuity (Fig. 1) . The best historically documented tidal bores are those of the Qiantang, Seine and Dordogne Rivers in China and France. A related occurrence is the positive surges commonly observed in man-made channels. The inception and development of bores and surges may be predicted using the method of characteristics and Saint-Venant equations (Barré de Saint Venant 1871). After formation of the surge, the flow properties immediately upstream and downstream of the front must satisfy the continuity and momentum principles (Henderson 1966 , Liggett 1994 , Chanson 2004 :
where d o is the initial water depth, d conj is the conjugate depth observed immediatly after the bore passage, and Fr is the surge Froude number defined as: (2) with V o the initial flow velocity, g the gravity acceleration and U the surge front celerity for an observer standing on the bank, positive upstream (Fig. 2) . Equation (1) is called the Bélanger equation (Henderson 1966 , Chanson 2004 .
To date, theoretical and numerical studies of tidal bores and surges rely upon some physical experiments to validate the developments (e.g. Benjamin and Lighthill 1954 , Peregrine 1966 , Mazumder and Boes 1995 . Most experimental data were limited to visual observations and sometimes free-surface measurements (e.g. Darcy and Bazin 1865, Favre 1935 , Benet and Cunge 1971 , Treske 1994 . Previous studies rarely encompassed turbulence measurements except in a few limited studies (Hornung et al. 1995 , Koch and Chanson 2008 ,2009 ). In the followings, some turbulent velocity measurements were obtained in a large-size laboratory facility with a fine spatial and temporal resolution. Two bed roughness configurations were tested systematically, corresponding to smooth-turbulent and fully-rough turbulent flow conditions. The unsteady turbulence data provide an unique description of the advancing bore front and of the turbulent mixing process. The outcomes yield some benchmarks for future theoretical and numerical models. CHANSON, H. (2010) . "Unsteady Turbulence in Tidal Bores: Effects of Bed Roughness." Journal of Waterway, Port, Coastal, and Ocean Engineering, ASCE, Vol. 136, No. 5, .1061/(ASCE)WW.1943-5460.0000048) (ISSN 0733-950X).
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EXPERIMENTAL FACILITY AND INSTRUMENTATION

Experimental facility
The new experiments were performed in the tilting flume at the University of Queensland previously used by Koch and Chanson (2005) but with different flow conditions and instrumentation (Table 1, Fig. 3 ). The channel was 0.5 m wide and 12 m long, and its slope was horizontal. The flume was made of smooth PVC bed and glass walls, and the waters were supplied by a constant head tank. A tainter gate was located next to the channel downstream end.
For some experiments, the smooth PVC channel bed was covered with rough screens (Series 1B, Table 1 ). The screens were made from plastic electrical lighting louvers with square patterns (16 mm size, 1 mm thick, 8 mm high) that are seen in Figure 3B . The hydraulic roughness of the screens was tested in some steady open channel flow conditions. The equivalent Darcy-Weisbach friction factor ranged from f = 0.05 to 0.08 corresponding to the fully-rough turbulent flow regime (Schlichting 1960 , Henderson 1966 . The results were basically independent of the Reynolds number and best correlated by:
where k is the screen height (k = 8 mm) and D H is the hydraulic diameter. For comparison, the friction factor in turbulent channels flow may be estimated from the Colebrook-White formula (Liggett 1994 , Chanson 2004 :
where k s is the equivalent sand roughness height. The best correlation between the rough screen data and the Colebrook-White formula (Eq. (4)) was obtained using an equivalent sand roughness height k s = 6.6 mm comparable to the screen thickness k = 8 mm.
Instrumentation
The water discharge was measured with two orifice meters that were designed based upon the British Standards (British Standard 1943) . The percentage of error was less than 2%. The unsteady water depths were measured with a series of acoustic displacement meters Microsonic™ Mic+25/IU/TC which were spaced along the channel between x = 10.8 and 2 m, where x is the longitudinal distance from the channel upstream end. One such sensor is clearly visible in Figure   3A . The data accuracy and dynamic response of the sensors were respectively 0.18 mm and 50 ms.
The turbulent velocity measurements were conducted with an acoustic Doppler (ADV) velocimeter Nortek™ Vectrino+ (Serial No. VNO 0436) using a side-looking head equipped with 4 receivers. For all the experiments, the ADV CHANSON, H. (2010) . "Unsteady Turbulence in Tidal Bores: Effects of Bed Roughness." Journal of Waterway, Port, Coastal, and Ocean Engineering, ASCE, Vol. 136, No. 5, pp. 247-256 (DOI: 10.1061/(ASCE)WW.1943-5460 .0000048) (ISSN 0733-950X).
Page 4 sampling volume was located at x = 5 m, the velocity range was 1.0 m/s, the sampling rate was 200 Hz, and the data accuracy was 1% of the velocity range. Both acoustic displacement meters and acoustic Doppler velocimeter were synchronised within +/-1 ms, and were sampled simultaneously at 200 Hz. In the present study, the unsteady ADV data processing was limited to a removal of communication errors and a replacement by interpolation following Koch and Chanson (2008) . The bore front passage was associated systematically with some increase in average signal-to-noise ratios (SNRs), signal correlations and to a lesser extent, signal amplitudes. While these observations were not an objective validation, they tended to support the use of ADV in such a highly unsteady flow situation.
The translation of the ADV probe in the vertical direction was controlled by a fine adjustment travelling mechanism connected to a Mitutoyo TM digimatic scale unit. The error on the vertical position of the probe was z < 0.025 mm. The accuracy on the longitudinal position was estimated as x < +/-2 mm. The accuracy on the transverse position of the probe was less than 1 mm. Herein all the measurements were taken on the channel centreline since the earlier work of Chanson (2005,2009) showed little transverse differences but close to the sidewall where the acoustic Doppler velocimetry was adversely affected by the sidewall proximity (Chanson et al. 2007) .
Inflow conditions and bore generation
Some detailed measurements of the velocity distributions were performed in the steady flow at x = 5 m. The results showed that the inflow conditions were partially-developed ( Fig. 4 ). Some results are presented in Figure 4 in terms of the time averaged longitudinal velocity component V x and its standard deviation v x '. The boundary layer thickness  was about /d o = 0.32 and 0.48 for the experiments series 1A (smooth PVC) and 1B (rough screens) respectively where d o is the initial flow depth. The findings were close to and consistent with the earlier study of Koch and Chanson (2009) with a different initial discharge and a smooth bed. For the rough screen invert (series 1B), the data showed a marked effect of the bed roughness. Some larger turbulent velocity fluctuations were observed above the rough screens, while the vertical distribution of longitudinal velocity exhibited a flatter shape as seen in Figure 3 . The shape was consistent with a fully-rough turbulent boundary layer (Schlichting 1960) .
The experimental flow conditions were selected to generate both undular (non-breaking) and breaking bores with the same initial flow rate Q ( Table 1 ). The only dependant parameters were the bed roughness and the downstream gate opening after closure h (Table 1, column 4). The steady gradually-varied flow conditions were established for at least 3 minutes prior to measurements. A positive surge was generated by the rapid partial closure of the downstream gate. The gate closure time was less than 0.2 s. After closure, the bore propagated upstream and each experiment was stopped before the bore front reached the intake structure to avoid wave reflection interference. CHANSON, H. (2010) . "Unsteady Turbulence in Tidal Bores: Effects of Bed Roughness." Journal of Waterway, Port, Coastal, and Ocean Engineering, ASCE, Vol. 136, No. 5, .1061/(ASCE)WW.1943-5460.0000048) (ISSN 0733-950X).
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Further informations on the experimental facility, instrumentation, boundary conditions and gate closure were reported in Chanson (2008) .
EXPERIMENTAL OBSERVATIONS
Basic flow patterns
For the same initial flow conditions, three types of bores were observed: an undular (non-breaking) bore for surge Froude numbers Fr less than 1.3, an undular surge with some slight breaking for Fr between 1.3 and 1.45 to 1.5, and a breaking bore with a marked roller for Fr greater than 1.45 to 1.5 (Fig. 3) . The same flow patterns were observed with both smooth and rough inverts. The present observations are summarised in Table 2 where they are compared with two earlier studies.
For a small surge Froude number (Fr < 1.3), the bore propagated upstream relatively slowly and the front was followed by a train of well-formed undulations: i.e., an undular bore pattern (Fig. 3B ). The free-surface undulations had a smooth appearance and no wave breaking wave observed. For 1.2 < Fr, some small cross-waves were seen starting next to the sidewalls upstream of the first wave crest and intersecting next to the first crest. A similar cross-wave pattern was observed in stationary undular hydraulic jumps (Chanson and Montes 1995 , Montes and Chanson 1998 , Ben Meftah et al. 2007 ). For intermediate Froude numbers (1.3 < Fr < 1.45 to 1.5), some small wave breaking was observed at the leading wave crest, and the secondary waves were flatter. The finding was observed for both smooth and rough beds, and it was consistent with the earlier observations of Koch and Chanson (2008) and Hornung et al. (1995) , although the latter study reported some observations for a positive surge propagating in still water. At large surge Froude numbers (i.e. Fr > 1.45 to 1.5), a breaking bore was observed. The surge front propagated relatively rapidly. A well-formed roller was observed and the free-surface appeared to be quasi-two-dimensional ( Fig. 3A ).
For the undular (non-breaking) bore, the maximum wave heights attained by the undulations are presented in Figure 5 .
The maximum wave height was that of the first wave crest and it was limited by breaking. Experimental data were compared with the calculations of Peregrine (1966) . The appearance of wave breaking corresponded to (d conj /d o -1) > 0.4 or Fr > 1.5 (Table 2) . That condition is shown in Figure 4 (thick vertical line) together with the maximum height of a solitary wave (thin dashed line). The experimental results were in general agreement with the solitary wave theory.
Effect of bed friction on undular bores
For sinusoidal water waves, Ippen and Kulin (1957) developed an estimate for the wave amplitude attenuation due to boundary friction as: CHANSON, H. (2010) . "Unsteady Turbulence in Tidal Bores: Effects of Bed Roughness." Journal of Waterway, Port, Coastal, and Ocean Engineering, ASCE, Vol. 136, No. 5, .1061/(ASCE)WW.1943-5460.0000048) (ISSN 0733-950X).
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where d is the attenuated positive wave height at a distance (x o -x) from the reference location x o where the wave height is d x=xo , d is the water depth measured at x and f is the Darcy-Weisbach friction factor. In the present study, the undular (non-breaking) bore propagation data showed some attenuation of the wave height d with increasing distance of bore propagation. On the smooth bed, the wave attenuation was about 10% over 8.5 m. On the rough screens, the wave attenuation was nearly 70% for Fr = 1.2 ( Fig. 6 ), but it decreased considerably for larger Froude numbers. For Fr = 1.28 and 1.37, the wave attenuation on the rough bed was comparable to the smooth-bed attenuation. Equation (5) predicted a trend that was comparable to the present data, although it underestimated the effect of rough boundary friction. In Figure 6 , Equation (5) matched the rough screen data using a friction factor f that was twice the steady flow estimate (Eq. (3)). Note that Ippen and Kulin (1957) observed similarly a greater effect of boundary friction during their experiments with the smallest water depths.
A different reasoning may derive from the application of the Saint-Venant equations. When a positive surge propagates against a steady flow at near equilibrium conditions, the method of characteristics yields an analytical solution implying that the flow resistance delays the bore formation for V o / o d g < 2, and makes the positive surge more dispersive (Henderson 1966 ). The result is consistent with the above approach and the experimental data, although neither Equation (5) nor Saint-Venant equation considerations can explain the lesser undular wave attenuation at larger Froude numbers (1.3  Fr < 1.5). The latter might be linked with some local energy dissipation by the light wave breaking at the first wave crest.
The undular wave period and wave length data were further compared with the wave dispersion theory for gravity waves in intermediate water depths. For a wave propagating upstream in presence of a current with an initial velocity V positive downstream, the linear wave theory yields a dispersion relationship between the angular frequency 2/T and wave number 2/L w :
where L w is the wave length, T is the wave period as seen by an observer fixed on the bank and d is the initially still water depth (Dingemans 1997 , Nielsen 2009 ). For the free-surface undulations of an undular surge propagating against a current with an initial velocity V o , Equation (6) becomes : CHANSON, H. (2010) . "Unsteady Turbulence in Tidal Bores: Effects of Bed Roughness." Journal of Waterway, Port, Coastal, and Ocean Engineering, ASCE, Vol. 136, No. 5, .1061/(ASCE)WW.1943-5460.0000048) (ISSN 0733-950X).
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where d conj is the conjugate depth. Equation (7) is compared with experimental data in Figure 7 . The data showed close results between smooth and rough bed experiments, as well as with Equation (7) (Fig. 7) . However it must be stressed that Equation (7) was developed for regular waves rather than for the undular bore secondary waves.
EXPERIMENTAL RESULTS: TURBULENT FLOW FIELD Presentation
The instantaneous velocity measurements demonstrated some major differences in longitudinal velocity redistribution between the undular (non-breaking) and breaking bores, as previously observed by Koch and Chanson (2009) vertical velocities between wave crests and troughs (Rouse 1938, Montes and Chanson 1998) . The ideal fluid flow theory shows also that the pressure field is not hydrostatic, with a pressure gradient larger then the hydrostatic pressure gradient g beneath the troughs and greater than g below the wave crest as sketched in Figure 9 .
In contrast, a breaking bore exhibited a marked roller and some bubble entrainment (Fig. 3A) . The data showed that the free-surface elevation rose slowly immediately prior to the roller, with the free-surface curving upwards ahead of the roller toe, as previously observed by Hornung et al. (1995) and Koch and Chanson (2009) . This gentle rise of freesurface was linked with a gradual decrease of the longitudinal velocity component at all vertical elevations.
Immediately after, the passage of the roller was marked by a sharp rise in free-surface elevation corresponding to a discontinuity in terms of the water depth. The passage of the bore front corresponded to a flow deceleration seen in Figure 10A . The rate of flow deceleration was notably sharper in a breaking bore than that for an undular bore at the CHANSON, H. (2010) . "Unsteady Turbulence in Tidal Bores: Effects of Bed Roughness." Journal of Waterway, Port, Coastal, and Ocean Engineering, ASCE, Vol. 136, No. 5, Koch and Chanson (2009) and obtained numerically by Furuyama and Chanson (2008) .
For all experiments, the turbulent velocity data showed some large fluctuations of all velocity components beneath the bore and in the flow field advected upstream behind the bore. Large time-variations of the longitudinal, vertical and transverse velocity components were seen at all vertical elevations for both undular (non-breaking) and breaking bores.
Similar observations were reported by Hornung et al. (1995) and Chanson (2008,2009 ), although the former study focused on the vorticity of the flow.
Effect of bed roughness
The experimental observations showed that the rough invert had a drastic impact on the turbulent flow field. The initial flow exhibited higher turbulence levels at all vertical elevations (Fig. 4) . For an undular bore, the bed roughness induced a strong attenuation of the oscillating free-surface flow pattern effect on the longitudinal and vertical velocity components next to the bed (z/d o < 0.2) ( Fig. 8B) , although the oscillating pattern was still seen in the upper flow region (z/d o > 0.5). With a breaking bore, the longitudinal velocity data indicated a longer transient recirculation next to the bed (z/d o < 0.2) ( Fig. 10B) . Such a recirculation pattern is sketched in Figure 2 and it was not associated with any irregularity of the movement of the roller toe. In the recirculation region, large negative longitudinal velocities were observed: V x /V o ~ -0.3 to -0.5 typically (e.g. Fig. 10B ). The transient event lasted at least 3 seconds. Its precise duration was possibly longer because the data collection was stopped as soon as the surge front reached the upstream channel end (x = 0). Although the bed roughness seemed to enhance the transient recirculation, this recirculation pattern was a flow feature specific to the breaking bore. No such recirculation was observed beneath the undular (non-breaking) bore.
Turbulent shear stresses
The instantaneous turbulent stresses were calculated using a variable interval time average (VITA) technique (Koch and Chanson 2008) . The tidal bore passage was characterised by large fluctuations in Reynolds stresses (Fig. 11) . Figure 11 presents some unsteady Reynolds stress data beneath a tidal bore. Figure 11A corresponds to an undular (non-breaking) bore on a smooth invert and Figure 11B where v is the turbulent velocity, the subscripts x and z refer respectively to the longitudinal and vertical velocity components, and t is the time. CHANSON, H. (2010) . "Unsteady Turbulence in Tidal Bores: Effects of Bed Roughness." Journal of Waterway, Port, Coastal, and Ocean Engineering, ASCE, Vol. 136, No. 5, .1061/(ASCE)WW.1943-5460.0000048) (ISSN 0733-950X).
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The experimental measurements showed some large fluctuating turbulent stresses below the bore front and in the flow behind. The Reynolds stress levels were significantly larger than before the surge passage, and large normal and tangential stresses were observed. In an undular tidal bore, some large Reynolds stresses were recorded beneath the secondary waves suggesting the long lasting sediment mixing beneath these "whelps" Chanson 2008) . With the breaking surge, some large shear stresses and Reynolds stress fluctuations were observed during the roller passage and shortly after, especially in the upper flow region (z/d o > 0.5). It is believed that these large turbulent stresses were caused by the proximity of the developing mixing layer of the roller sketched in Figure 2 . A comparison between undular and breaking bores showed that (a) the magnitude of turbulent stresses was comparable, but (b) the large fluctuations in Reynolds stresses lasted for a significantly longer period beneath the undular bore. The finding implied that the undular tidal bores may contribute to significant bed scour in tidal bore affected estuaries as sketched in Figure 12 .
Discussion
A number of similar features were observed on both smooth and rough inverts. The velocity measurements indicated the existence of energetic turbulent events beneath and after the tidal bore front (Fig. 8 & 10) . These were best seen by some sudden and rapid fluctuations of the transverse and vertical velocity data as well as with significant fluctuations of the Reynolds stresses. The duration of these turbulent "patches" seemed greater beneath an undular bore, while these were more focused and shorter beneath a breaking bore. Such vigorous and energetic turbulent events were some form of macro-turbulence that is likely induced by secondary motion. In a natural, non-prismatic channel, some vorticity may be generated additionally by the invisicid flow motion and complicated secondary currents may develop (Thorne and Hey 1979, Trevethan et al. 2008) . The large-scale turbulence maintained its coherence as the tidal bore propagates upstream. In the Daly River (Australia), such a period of very strong turbulence was observed about twenty minutes after the bore passage that lasted for about three minutes: "about 20 min after the passage of the undular bore, a 3-minduration patch of macro-turbulence was observed. [...] This unsteady motion was sufficiently energetic to topple moorings that had survived much higher, quasi-steady currents of 1.8 m/s" (Wolanski et al. 2004 ). The anecdote suggested the upstream advection of a "cloud" of turbulence and vorticity behind the tidal bore for possibly a considerable distance. The advection speed of the turbulence boils was slower than the tidal bore celerity, explaining possibly the 20 minutes delay. CHANSON, H. (2010) . "Unsteady Turbulence in Tidal Bores: Effects of Bed Roughness." Journal of Waterway, Port, Coastal, and Ocean Engineering, ASCE, Vol. 136, No. 5, .1061/(ASCE)WW.1943-5460.0000048) (ISSN 0733-950X).
Page 10
CONCLUSION
Limited quantitative information is available to date on the turbulence induced by tidal bores because the turbulent flow field had rarely been studied with a fine instrumentation under well-defined flow conditions. Herein new experiments were conducted in a large rectangular channel to study specifically the effects of bed roughness, and detailed velocity measurements were performed with a high temporal and spatial resolution (200 Hz, sampling volume size: 1.5 mm)
while the free-surface elevations were recorded using non-intrusive acoustic displacement meters. The range of experimental investigations encompassed undular (non-breaking) and breaking bores on both smooth and rough invert conditions (Table 1) .
A undular (non-breaking) bore was observed for Fr less than 1.45 to 1.5, when the wave front was followed by a train of well-defined secondary waves in estuaries. For Fr > 1.5, a breaking bore was observed with a marked roller. The instantaneous velocity measurements showed a rapid flow deceleration at all vertical elevations, and some large fluctuations of all velocity components were recorded beneath the surge and whelps. The turbulent Reynolds stress data highlighted the large normal and tangential stresses beneath the surge front. A comparison between undular and breaking surge data suggested some basic differences. In a breaking bore, some large turbulent stresses were observed next to the shear zone in a region of high velocity gradients. Next to the bed, however, some transient flow recirculation was recorded. In an undular bore, the large velocity fluctuations and Reynolds stresses were recorded beneath the first wave crest and the secondary waves implying a long-lasting effect after the bore front passage. A systematic comparison was conducted to study the effects of bed roughness. The boundary friction contributed to some wave attenuation and dispersion, and the free-surface data showed some agreement with the wave dispersion theory for intermediate gravity waves. The instantaneous velocity data indicated also a marked effect of the rough screens on the turbulent velocity field, especially close to the bed (z/d o < 0.2) for both undular and breaking bores.
Overall the experimental findings were consistent with the field observations and anecdotal evidences. These showed in particular the significant impact of undular (non-breaking) bores and their potential impact on natural eco-systems. The present results demonstrated that a tidal bore remains a challenging research topic to theoreticians. In a breaking tidal bore, the transient recirculation observed next to the bed remained unexplained. In the field, tidal bores in natural systems propagate over a movable bed. How does bed erosion take place? Is Figure 12 representative of the real-world?
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